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The nucleocapsid protein (NP) of Sendai virus is an essential component of both the nucleocapsid template and the NP–
NP and NP0 –P protein complexes required for viral RNA replication. When expressed alone in mammalian cells NP self-
assembles into nucleocapsidlike particles which appear to contain cellular RNA. To identify putative NP–NP binding domains,
fusions between the monomeric maltose-binding protein (MBP) and portions of NP were constructed. The fusion proteins
which contain the central conserved region (CCR) (amino acids 258–357, MBP–NP1) and the N-terminal 255 amino acids
(MBP-NP2) of NP both oligomerized, suggesting that these regions contain sequences important for NP–NP self-assembly.
In addition, the MBP –NP1 fusion protein can function as an inhibitor of viral RNA replication. Complementary studies
involving site-directed mutagenesis of the full-length NP protein have identified specific residues in the CCR which are
essential for viral RNA replication in vitro. Two such replication-negative mutants, F324V and F324I, were defective in self-
assembly, suggesting that the Phe residue at amino acid 324 is essential for the NP–NP interaction. A third mutant, NP260-
1 (Y260D), self-assembled to form aberrant oligomers which exhibit an unusual helical structure and appear to lack any
associated RNA. The mutants NP299-5 (L299I and I300V) and NP313-2 (I313F), in contrast, appear to form all the required
protein complexes, but were inactive in viral RNA replication, suggesting that interactions specifically with Sendai RNA
were disrupted. These data have thus identified specific residues in the CCR of the native NP protein which appear to be
important for NP–NP or NP–RNA interactions and for genome replication. q 1997 Academic Press
INTRODUCTION replication and is involved in interactions with the P pro-
tein (NP0 –P), with itself (NP–NP oligomerization), and
Sendai virus, a member of the paramyxovirus family, with the viral RNA (NP–RNA). The NP0 –P complex (Ho-
has a 15,384-nucleotide (nt) single-stranded RNA ge- mann et al., 1991) functions as a substrate for the encap-
nome of the negative (0) strand sense. Both the genome sidation of nascent RNA (Horikami et al., 1992). The coex-
and the antigenome are tightly associated with 2564 mol- pression of NP and P prevents the self-assembly of the
ecules of the nucleocapsid protein [NP, 524 amino acids NP protein (Buchholz et al., 1994) whereby NP remains
(aa)] in a ratio of 1 polypeptide per 6 nt (Calain and Roux, as a soluble protein (Curran et al., 1995). The mechanism
1993), to form an RNase-resistant helical nucleocapsid. by which NP of the NP0 –P complex interacts with the
The nucleocapsid is the template for both mRNA synthe- nascent RNA during replication is not known, although
sis and genome replication by the viral RNA-dependent it is thought that P protein is released once NP binds
RNA polymerase, which consists of the phosphoprotein to the RNA. It is also not understood how or when NP
(P, 568 aa) and large (L, 2228 aa) subunits (for a review oligomerization occurs during the encapsidation pro-
see Kingsbury, 1991). Transcription initiates at the 3* end cess. It has been shown for vesicular stomatitis virus
of the nucleocapsid and proceeds to sequentially synthe- (VSV), a rhabdovirus, that once encapsidation has been
size leader RNA and the individual viral mRNAs. During initiated on leader RNA, the process becomes highly
replication, in contrast, the synthesis of genomic RNA cooperative, suggesting direct NP–NP interactions in ad-
is coupled to its encapsidation by the NP protein. To dition to the NP–RNA interaction (Blumberg et al., 1983).
understand the regulation of Sendai virus RNA replica- In earlier studies it was shown that trypsin can cleave
tion it is important to determine how the structures of the NP protein within the intact nucleocapsid at aa 410,
these various proteins affect their function. releasing a C-terminal 12-kDa polypeptide. The re-
The NP protein plays a central role in viral genome maining large fragment of the cleaved NP is still associ-
ated with the RNA in a form which appears structurally
identical to that of uncleaved nucleocapsids (Heggeness1 Present address: Department of Molecular Microbiology, Washing-
et al., 1981). Further trypsin cleavage at aa 295 within aton University School of Medicine, St. Louis, MO 63110-1093.
2 To whom reprint requests should be addressed. proposed hinge region (aa 290–295) of NP (Deshpande
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and Portner, 1984; Gill et al., 1988) does not alter the Plasmid construction
integrity of the nucleocapsid and both the 34- and 15-
The plasmid pMBP (maltose-binding protein, MBP)kDa polypeptide products remain associated with the
was constructed by cloning a PCR fragment containingnucleocapsid (Heggeness et al., 1981). These data sug-
the MalE gene from the pMal-c2 vector (New England
gest that the domains required for NP–NP and NP–RNA
Biolabs), which lacked the signal sequence, but con-
interactions reside in the N-terminal 410 aa of NP.
tained a KpnI restriction site and the eukaryotic transla-
Evidence for self-assembly was shown by the forma-
tional start sequence (AAAATGA) (Anderson et al., 1993).
tion of nucleocapsidlike particles when the nucleocap-
The fragment was digested with KpnI and HindIII and
sid proteins of both Sendai and measles viruses were
cloned into those sites in pGEM3DEcoRI as described
expressed in cells in the absence of additional viral
in Table 1. The MBP–NP/N fusion genes were then con-
proteins or RNA (Buchholz et al., 1993; Spehner et al.,
structed by cloning, in frame, PCR-generated products
1991; Fooks et al., 1993). More recently data using the of the various gene fragments into pMBP downstream of
two-hybrid system in yeast have directly shown that the MBP coding region (Table 1). The size and orientation
there is a strong NP – NP interaction (Horikami et al., of the inserts in the fusion constructs were confirmed by
1996). Extensive deletion analysis of Sendai NP has restriction endonuclease mapping.
identified functions within the N-terminal 400 aa (Buch- Two NP mutants, NPHIII and NPD334–339, were cre-
holz et al., 1993; Curran et al., 1993). Of 22 deletion ated using either SalI linker insertion or recombinant PCR
mutants all those from aa 1 to 400 were inactive in both mutagenesis. The complete 1.7-kb KpnI–BamHI NP gene
RNA replication in vitro and self-assembly of nucleocap- fragment from pGEM-NP was first subcloned into
sidlike particles, while those containing deletions from p*GEM3ZF(/) at those sites where the vector had the
aa 400 to 524 were active. These results are consistent SacI and the XbaI through HindIII sites deleted. The
with those obtained with trypsin-treated nucleocapsids p*GEM3ZF-NP plasmid was digested with HindIII,
(Heggeness et al., 1981). To try to delineate more spe- blunted, and ligated to a SalI linker which created mutant
cific regions required for NP oligomerization, we con- pNPHIII that codes for an additional 4 aa (V, D, Q, and
structed protein fusions between the maltose-binding L) inserted between aa 296 and aa 297. The deletion
protein (MBP) and different regions of the NP protein. mutant pNPD334–339 was created by recombinant PCR
Both the central conserved region (CCR, aa 258 – 357) from the NP gene with the primer pairs: SM084 (5*ATT-
and the N-terminal 255 amino acids appear to contain ATCCTGCACTATGGGCCGTCGTACAGAACAA 3*) with
sequences contributing to the NP – NP interaction. Com- SM089 (5* CCCCTAGCGTCCTGGTCC 3*), and SM085
plementary experiments involving site-directed muta- (5* TTGTTCTGTACGACGGCCCATAGTGCAGGATAAT 3*)
genesis of the full-length NP protein have identified indi- with SM090 (5* GGTTGAGACCCTTGTGAC 3*), as pre-
vidual amino acids in the CCR that are important for viously described (Higuchi et al., 1991). The final PCR
NP – NP binding and for binding to RNA. product with the outside primers was digested with SacI
and XbaI and subcloned into those sites in p*GEM3ZF-
NP, deleting nts 1064 to 1081, and thus aa 334 to 339
MATERIALS AND METHODS
(S, Y, A, M, G, and V). The mutations were confirmed by
double-stranded (ds) dideoxy sequencing.Cells, viruses, plasmids, and antibodies
The mutants NP260-1, NP299-5, NP313-2, NP324-1,
and NP324-5 were constructed using PCR-directed muta-Growth and purification of wildtype (wt) Sendai virus,
genesis and direct cloning of the PCR fragment into thethe Sendai virus defective interfering particle, DI-H (Har-
pCRII vector (TA Cloning kit, Invitrogen). The random mu-ris strain), and recombinant vaccinia virus containing the
tation in each primer was introduced at one or two con-gene for phage T7 RNA polymerase (VVT7) were de-
served hydrophobic aa just downstream of a unique re-scribed previously (Horikami et al., 1992). Protein synthe-
striction site in the NP gene (see Table 2). The samesis and RNA synthesis were performed in human A549
downstream primer (SM089) was paired with each of thecells (American Type Culture Collection). The Sendai
mutagenic primers for amplification. The mutations in theplasmids pGEM-NP, pGEM-P/C, and pGEM-L (Curran et
pCRIINP clones were identified by sequencing and eachal., 1991) and pBS-NP, pBS-P/C, and pUC-L as well as
mutant fragment was then subcloned into p*GEM3ZF-the measles plasmid pBSMV-N (Chandrika et al., 1995)
NP at the appropriate sites. The entire subcloned frag-were described previously. All of the viral genes were
ment was confirmed by sequencing in each case.cloned downstream of the phage T7 promoter. Immuno-
precipitation and immunoblotting utilized rabbit anti-Sen-
In vitro RNA synthesis
dai virus antibody (a-SV) (Carlsen et al., 1985) and rabbit
anti-maltose-binding protein antibody (a-MBP) (Horikami Subconfluent A549 cells in 60-mm dishes were in-
fected with VVT7 at an m.o.i. of 2.5 PFU/cell and trans-et al., 1994).
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TABLE 1
MBP-NP Fusion Protein Primers and Plasmids
Oligodeoxynucleotidea Enzyme
SM236(/)-CCCGGTACCAAAATGAAAATCGAAGAAGGTAA KpnI
RM251(0)-GAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGG None
SM204(/)-CCAGGAATTCGGGAACTACATCCG EcoRI
SM222(0)-ACATGGATCCTCAAAGGTATGTCCTCCCTG BamHI
SM336(/)-CGATGAATTCAAGCTTAGAAGCCTC EcoRI
SM273(/)-GTTCGGATCCGCCGGGTTGTTGAGC BamHI
SM089(0)-CCCCTAGCGTCCTGGTCC None
SM272(/)-GACAGGATCCGATATGGAAATGTTCTTACTAGG BamHI
SM240(0)-TTGTCGTTAGAACGC None
SM210(0)-AATAGGATCCTCAAAAGTAAGATCGGCC BamHI
SM211(/)-ATGTGAATTCGATACATATATCGTAGAGGCAGG EcoRI
Plasmid Description
pMBP A 1.2-kb KpnI–HindIII-cut PCR fragment of pMal-c2 (primers SM236 and RM251) was subcloned into
pGEM3DEcoRI at those sites
pMBP.NP1 A 0.3-kb EcoRI–BamHI-cut PCR fragment of NP (primers SM204 and SM222) was cloned into pMBP at
those sites
pMBP.NP1-C A 0.190-kb EcoRI–BamHI-cut PCR fragment of NP (primers SM336 and SM222) was cloned into pMBP at
those sites
pMBP.NP2 A 0.770-kb BstXI, blunt ended, BamHI-cut fragment of NP (primers SM273 and SM089) was cloned into
PstI, blunt ended, BamHI-cut pMBP
pMBP.NP3A A 0.880-kb BamHI–HindIII-cut PCR fragment of NP (primers SM273 and SM089) was cloned into pMBP
at those sites
pMBP.NP3B A 1.1-kb BamHI-cut PCR fragment of NP (primers SM273 and SM222) was cloned into pMBP at that site
pMBP.NP4 A 0.52-kb BamHI-cut PCR fragment of NP (primers SM272 and SM240) was cloned into pMBP at that site
pMBP.NP1-HIII A 0.3-kb EcoRI–BamHI-cut PCR fragment of pNPHIII (primers SM204 and SM222) was cloned into pMBP
at those sites
pMBP.NP1D334-339 A 0.3-kb EcoRI–BamHI-cut PCR fragment of pNPD334-339 (primers SM204 and SM222) was cloned into
pMBP at those sites
pMBP.N1 A 0.3-kb EcoRI–BamHI-cut PCR fragment of pBSMV-N (primers SM211 and SM210) was cloned into
pMBP at those sites
a The plus and minus symbols in parentheses following the primer number refer to the messenger sense (/) or genomic sense (0) of the
oligodeoxynucleotide and the sequences are written 5* r 3*. Stop codons are indicated by boldface lettering. The restriction sites used for cloning
and/or screening are underlined.
fected for the inhibition assay (Fig. 5) with pGEM-NP (2 analyzed by immunoblot using a-SV and/or a-MBP pri-
mary antibodies (1 ml) and an alkaline phosphatase-con-mg), pGEM-P/C (5 mg), pGEM-L (0.5 mg), and the indicated
amounts of either pMBP or pMBP.NP1. For testing the jugated secondary antibody as indicated in the figure
legends.activity of the NP mutants, pBS-P/C (5 mg) and pUC-L
(0.5 mg) were cotransfected together with either wt pBS-
NP or the p*GEM3ZF-NP mutants (2 mg). At 18 hr post- Protein synthesis in vivo and in vitro and analysis of
transfection (pt) cytoplasmic cell extracts were prepared the products
by lysolecithin permeabilization at 47 and DI-H RNA repli-
cation was assayed in vitro with the addition of [a-32P]- For analysis in vivo VVT7-infected A549 cells were
transfected with pGEM-NP, pMBP, or pMBP.NP1 (2 mg)CTP and detergent disrupted (dd) DI-H (2.2 mg) as de-
scribed previously (Horikami et al., 1992), except that the and the cells were incubated with Tran35S-label (66 mCi/
ml) from 6–20 hr pt in medium containing 0.11 unlabeledactinomycin D concentration was raised to 20 mg/ml. The
nuclease-resistant nucleocapsid products were purified methionine and cysteine. Cell extracts were prepared at
47 in 300 ml RM salts (0.1 M HEPES, pH 8.5, 0.05 Mby banding on CsCl gradients, the RNA was extracted
and analyzed by gel electrophoresis, and the dried gels NH4Cl, 7 mM KCl, and 4.5 mM magnesium acetate) con-
taining 0.25% NP-40, 1 mg/ml aprotinin, and 10% glycerol.were exposed to Kodak X-Omat film. The replication
products were quantitated with the PhosphorImager (Mo- The lysate was clarified at 13,000 rpm for 30 min at 47.
One-half of the extract and a [a-32P]CTP-labeled DI-Hlecular Dynamics). Samples (10%) of the extracts were
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nucleocapsid product (RNA-NP) from an in vitro replica- ml) were immunoprecipitated with a-SV antibody (1 ml)
and analyzed by 9% SDS–PAGE and the radiolabeledtion reaction were analyzed by sedimentation on sepa-
rate 5–30% (v/v) glycerol gradients in RM salts in an NP band in each fraction was quantitated on the Phos-
phorImager. The other samples were fractionated onSW41 rotor at 36,000 rpm for 105 min at 47 (Sprague et
al., 1983). Fractions (0.5 ml) were collected from the top separate CsCl step gradients (layered from the bottom:
1.4 ml 40% (w/w) CsCl, 1.4 ml 30% (w/w) CsCl, 1.4 ml 20%and analyzed either by trichloroacetic acid precipitation
for the fractions containing 32P-labeled DI-H product or (w/w) CsCl, 0.6 ml 30% (v/v) glycerol in 10 mM HEPES, pH
8.5) in an SW55 rotor at 36,000 rpm for 16 hr at 47 (Buch-by immunoprecipitation for the fractions (0.25 ml) con-
taining the 35S-labeled proteins with a-SV and a-MBP (1 holz et al., 1993). Fractions (0.714 ml) were collected from
the top with the pellet resuspended in the last fractionml) antibodies as described previously (Carlsen et al.,
1985; Horikami et al., 1992). The samples were analyzed and samples (0.2 ml) were immunoprecipitated and ana-
lyzed as described above.by 9% SDS–PAGE and the protein bands quantitated on
the PhosphorImager.
To synthesize the MBP–viral fusion proteins in vitro, Electron microscopy
each plasmid (Table 1) was linearized with an appro-
For electron microscopy (EM) of the self-assembled pro-priate restriction enzyme downstream of the protein-cod-
teins, VVT7-infected A549 cells were transfected with wting region or within the gene to give full-length or trun-
NP and NP260-1 plasmids. Unlabeled overnight cell ex-cated products, respectively, as indicated in the figure
tracts were prepared and pelleted through 30% (v/v) glyc-legends. The linearized DNAs were transcribed in vitro
erol (5 ml) in an SW55 rotor at 50,000 rpm for 90 min at 47.with T7 RNA polymerase and the transcripts were trans-
The pellets were collected in 75 ml ET buffer (1 mM Tris–lated in a rabbit reticulocyte lysate (25 ml) (Promega) in
HCl, pH 7.5 and 1 mM EDTA) and visualized by negativethe presence of [35S]methionine (NEN DuPont). Alterna-
staining with 2% uranyl acetate by the Electron Microscopytively, some plasmids were transcribed and translated in
Core Laboratory in the Interdisciplinary Center for Biotech-vitro in the TNT T7 Coupled Reticulocyte Lysate System
nology Research at the University of Florida.(Promega) in the presence of [35S]methionine (NEN Du-
Pont). To assay protein– protein interactions, 8 ml of the
RESULTStranslation products were diluted in 132 ml of RM salts
containing 0.25% NP-40 and 1 mg/ml aprotinin and pel- Identification of NP–NP interaction domains
leted separately through 5 ml of 30% (v/v) glycerol in an
SW55 rotor at 50,000 rpm for 90 min at 47. The pellets Previous experiments have shown that the NP protein
expressed alone self-assembles into high-molecular-were resuspended in 50 ml lysis buffer and analyzed
along with a sample (1 ml) of the total protein by 9% SDS – weight nucleocapsidlike particles (Buchholz et al., 1993)
that pellet when sedimented in glycerol gradients (Hori-PAGE. The gels were processed for fluorography, dried,
and exposed to Kodak X-Omat film and the protein bands kami et al., 1992). Based on this observation we predicted
that if an isolated domain responsible for this NP–NPwere quantitated on the PhosphorImager.
interaction was fused to a soluble monomeric protein,
the resulting association between the NP domains in theSelf-assembly of NP proteins
fusion protein could lead to the formation of large pro-
tein–protein complexes that could be detected as fastTo measure self-assembly of the wt and mutant NP
proteins, VVT7-infected cells were transfected with the sedimenting species. The MBP was chosen as the fusion
protein monomer because MBP fusions have been pre-wt or mutant NP (2 mg) plasmids and the cells were
incubated with Tran35S-label (66 mCi/ml) for 30 min viously used to identify protein–protein interactions
(Blondel and Bedouelle, 1991; Menkel et al., 1994) and(pulse) at 5.5 hr pt in methionine- and cysteine-free me-
dium followed by a 1.5-hr chase in medium containing RNA-binding domains (Anderson et al., 1993). As a first
screen for potentially interacting regions of the NP pro-10-fold excess methionine and cysteine (NP324-1 and
NP324-5), or they were labeled overnight in medium con- tein, different portions of the NP gene (1, 2, and 4; Fig.
1B) were cloned, in frame, downstream of the MBP genetaining 0.11 unlabeled methionine and cysteine (wt NP,
NP260-1, NP299-5, and NP313-2). Cell extracts were pre- as described under Materials and Methods and Table 1.
Region 1, encompassing aa 258–357, which we desig-pared as above. For wt NP and NP260-1, the extracts
were fractionated on separate linear 20–40% (w/w) CsCl nate the central conserved region (CCR), was used as
the basis to divide the protein into sections becausegradients in TNE (25 mM Tris–HCl, pH 7.5, 50 mM NaCl,
and 2 mM EDTA) in an SW41 rotor at 36,000 rpm for 16 amino acid alignment analysis (Fig. 1A) has shown it
to be quite conserved in 13 different paramyxovirus NPhr at 47. Fractions (0.5 ml) were collected from the top
with the pellet resuspended in the last fraction and the proteins (Miyahara et al., 1992), suggesting that it might
be a domain important for a common function of thedensities determined with a refractometer. Samples (0.2
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FIG. 1. Amino acid alignment of selected paramyxovirus NP sequences and a schematic representation of the NP protein. (A) Amino acid
alignment of 13 nucleocapsid proteins: HPIV or BPIV (human or bovine parainfluenza virus); SV (Sendai virus); CDV (canine distemper virus); MV
(measles virus); NDV (Newcastle disease virus); MUV (mumps virus); and SV5 or 41 (simian virus 5 or 41) as adapted from Miyahara et al. (1992).
Residues 255 to 358 are numbered relative to the Sendai NP sequence which is shown with the central conserved region (CCR, aa 258–357)
underlined. (B) Schematic of the Sendai NP protein with the portions (1, 2, 3A, 3B, and 4) which were cloned downstream of MBP. The NP amino
acid numbers are shown above.
protein. No other region of NP shows such a high degree presumably monomeric; the other faster sedimenting
species in fractions 11–23 were heterodisperseof conservation.
Initially, NP1 (the CCR) fused to MBP (MBP.NP1) was multimers, some of which were considerably larger than
the DI nucleocapsids. Approximately 20% of the totalanalyzed by sedimentation (Fig. 2). Analysis of regions 2
and 4 of NP is presented in Fig. 4. VVT7-infected cells MBP.NP1 protein was found in the faster sedimenting
species, compared to only 1.8% of the control MBP.were transfected with the NP, MBP, or MBP.NP1 plas-
mids and incubated with Tran35S-label overnight. The 35S- These data suggest that it is the NP moiety within the
fusion protein which is mediating the interaction, sincelabeled cell extracts were analyzed along with 32P-la-
beled DI-H nucleocapsids from an in vitro replication MBP alone does not form larger species. This isolated
region appears not to constitute the entire assembly do-reaction on linear glycerol gradients as described under
Materials and Methods. DI-H nucleocapsids (14S, Car- main, since the interaction involves only a portion of the
polypeptides.lsen et al., 1985), containing 235 molecules of the NP
protein based on the rule of six (Calain and Roux, 1993) To further study the requirements for NP–NP binding a
simpler sedimentation assay to measure the interactionsedimented primarily in fractions 13 and 14 (Fig. 2A).
Immunoprecipitation and quantitation of fractions con- was developed. In vitro transcription and translation were
used to produce radiolabeled full-length MBP–CCR fusiontaining self-assembled NP showed that the particles sed-
imented in a broad peak from fractions 13 to 22 with a proteins as well as a series of truncated MBP–CCR fusion
proteins as described under Materials and Methods. Analy-portion (15%) in the pellet, consistent with previous data
(Buchholz et al., 1993). These results show that the NP sis of a portion (1 ml) of the products showed the synthesis
of proteins of the appropriate sizes (Fig. 3B, top band inprotein expressed alone forms very large, but heteroge-
nous, oligomers. Based on EM and CsCl density gradient each lane). The faster migrating proteins presumably repre-
sent early termination products. Instead of sedimentationanalysis these particles resemble viral nucleocapsids
(Buchholz et al., 1993; Fig. 7). on linear glycerol gradients, an interaction was assayed by
sedimentation of a sample (8 ml) through 30% glycerol andThe majority of the MBP protein (3.30S) (Blondel and
Bedouelle, 1991) sedimented in fractions 2 to 5 (Fig. 2B), then the amount of protein in the pellet as a percentage
of the total protein was determined as described underas expected for a soluble monomeric protein. MBP.NP1
sedimented with a bimodal distribution: one form present Materials and Methods. For example, under these condi-
tions 19 { 3.6% (n  4) of MBP.NP1 pelleted (Fig. 3C,at the top of the gradient (Fig. 2B, fractions 2–4) was
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regions 2 and 4 encompassing the rest of the NP protein
(Fig. 1) were analyzed as above. The percentage of each
fusion protein in the pellet compared to its total was then
normalized to that of MBP.NP1 as 100% as a measure
of the interaction. Sedimentation analysis showed that
MBP-NP2 containing the N-terminal 255 aa of NP had
less than half the level of interaction of MBP–NP1 (40%;
Figs. 4A–4C, lanes 1). The C-terminal 167 aa of the NP
protein contributes little, if anything, to the binding site
since the MBP–NP4 fusion protein did not pellet (1%,
Figs. 4A, 4D, and 4E, lane 8). These results suggest that
there is some specificity for the NP–NP interaction within
two regions (1 and 2) of the NP protein.
Effect of measles CCR and deletions on the
interactions of the MBP fusion proteins
Previous amino acid alignment of the paramyxovirus
NP proteins has shown that Sendai virus and the other
closely related parainfluenza viruses are 82–95% identi-
cal from aa 258 to 357 (CCR), whereas measles virus
(MV) and Sendai virus show less, but still significant
(42%), conservation in this region (Miyahara et al., 1992).
To test if the MV CCR has a similar interaction domain
we also constructed a MBP fusion protein which contains
this region of the measles N protein (MBP.N1; Table 1
and Fig. 3A). After quantitation about 20% of the total
measles MBP.N1 protein pelleted through glycerol (Figs.
3B and 3C, lanes 2) as was also seen with the Sendai
NP1 fusion protein, suggesting that this region of the MV
protein also contains an N–N interaction site.
We then tested the effect of various deletions on the
interactions. For the derivatives the percentage of protein
FIG. 2. Glycerol gradient analysis of the NP, MBP, and MBP.NP1 in the pellet compared to its total was normalized to thatproteins expressed alone. VVT7-infected cells were transfected with
found for the parent protein as 100%. Truncation of thethe NP, MBP, or MBP.NP1 plasmids and incubated with Tran35S-label,
measles MBP.N1 protein by 52 aa (MBP.N1-P) gave onlyand cytoplasmic cell extracts were analyzed by sedimention on linear
glycerol gradients as described under Materials and Methods. 32P- 21% of the polypeptide in the pellet (Figs. 3A–3C; lanes
labeled DI-H nucleocapsids from an in vitro replication reaction were 3). Removal of 33 or 63 aa from the C-terminus of Sendai
analyzed in parallel as a control. Fractions were collected from the top NP1 (MBP.NP1-B or MBP.NP1-H, respectively) drasticallyof the gradient, the 35S-labeled samples were immunoprecipitated with
reduced (to 15 and 5%, respectively) the amount of fusioneither a-SV (A) or a-MBP (B) antibodies, and analyzed by 9% SDS–
protein which pelleted (Figs. 3A–3C; lanes 6 and 5, re-PAGE. The amounts of labeled NP, MBP, and MBP.NP1 proteins in
each fraction were quantitated on the PhosphorImager and plotted in spectively). Removal of the first 39 aa from the N-terminus
arbitrary units (A.U.). The TCA-precipitable 32P-labeled DI-H nucleocap- of the Sendai NP1 sequence (MBP.NP1-C; Fig. 3A) also
sids are plotted in (A) and the DI-H peak fraction is indicated by the significantly reduced the amount of fusion protein thatarrow in (B). Sedimentation is from left to right.
pelleted (to 5%; Figs. 3B and 3C; lanes 7). These results
suggest that the entire CCR mediates the NP–NP inter-
action in these proteins.lane 4). This value is similar to the amount (20%) of faster
sedimenting MBP.NP1 seen in the linear glycerol gradient To determine if smaller changes in the primary se-
quence of the CCR would affect binding of Sendai(Fig. 2B). MBP which did not pellet [Figs. 3B and 3C, lanes
1; 2.0 { 0.31% (n  7)], as expected, served as a negative MBP.NP1, we analyzed the CCR of two mutant Sendai
NP proteins, NPHIII and NPD334-339, which contain acontrol. Thus the fraction of the fusion protein that pellets
through glycerol can be used as a measure of the NP–NP 4-aa insertion and a 6-aa deletion, respectively. Neither
mutant protein was stable when expressed in VVT7-in-interaction.
To test for additional sites that might contribute to fected, transfected cells (data not shown). The CCR of
each of these mutants was fused in frame to MBP (Fig.the NP–NP interaction, MBP fusion proteins containing
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FIG. 3. Sedimentation analysis of the MBP fusion proteins containing region 1 of the Sendai NP (MBP.NP1) and measles N (MBP.N1) proteins
and their derivatives. (A) Schematic representation of MBP (black bar), and the fusions to measles N1 or Sendai (NP1) (patterned bars) which were
translated in the presence of [35S]methionine as described under Materials and Methods. The numbers in each refer to the first and last aa of the
viral protein present in the fusion. (B) A direct sample (1 ml) of the radiolabeled protein (total) was compared to the pellet fraction (C) of a sample
(8 ml) sedimented through glycerol by 9% SDS–PAGE as described under Materials and Methods. The bands were quantitated on the PhosphorImager
and the amount of MBP.N1 or MBP.NP1 that pelleted (compared to each total) was set at 100%. For the derivatives the percent of protein in the
pellet compared to its total was normalized to that found for the parent protein as 100% (A). The experiments were repeated three times, with less
than 5% difference between samples. The sample numbers in B and C correspond to those in A.
3A) as described in Table 1 and analyzed as above. The less than MBP.NP1, although a significant interaction was
observed (80%; Figs. 4D and 4E, lanes 7). Moreover, bindingreduced amount of MBP.NP1HIII and MBP.NP1D334-339
was severely inhibited in the MBP.NP3A fusion protein (aain the pellet (41 and 38%, respectively; Figs. 3B and 3C,
2–294) (10%; Figs. 4D and 4E, lanes 6), demonstrating thatlanes 9 and 8) suggested that small perturbations of the
truncation of the CCR abolished the interaction of the entireCCR affected, but did not abolish, the NP–NP interaction
fusion protein, including that contributed by the NP2 region,in the fusion protein.
perhaps due to changes in this deletion in the secondaryTruncations of Sendai MBP–NP2 were also tested for
structure of the polypeptide. Overall, the data suggest thattheir interactions. Compared to the 100% binding seen for
multiple regions within the first 357 aa contribute to theSendai MBP–NP1, sedimentation analysis of fusions with
NP–NP interaction.the N-terminal 187, 130, and 115 aa of NP, gave 71, 51,
and 62% binding, respectively (MBP.NP2-A, MBP.NP2-P,
Inhibition of Sendai DI-H RNA replication by MBP.NP1and MBP.NP2-B; Figs. 4A–4C, lanes 2–4). In multiple ex-
periments these values were always significantly greater Since the data suggested that the CCR did contain a
than the entire N-terminal 255 aa in MBP–NP2, which gave significant NP–NP binding domain, we asked what effect
a lower interaction (40%, lane 1). If both the N-terminus and this fusion protein might have on viral RNA replication.
the CCR contribute to the NP–NP interaction, one might VVT7-infected A549 cells were transfected with no plasmids
expect that the MBP.NP3B protein encompassing both (aa or with the NP, P, and L plasmids together with increasing
2–357) would interact at higher levels than fusions con- amounts of either the MBP.NP1 or the MBP plasmids. Cyto-
plasmic cell extracts were prepared and incubated withtaining either alone. MBP.NP3B pelleted, in fact, somewhat
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FIG. 4. Sedimentation analysis of the MBP fusion proteins containing regions 2, 3A, 3B, and 4, of the NP protein. (A) Schematic representation
of the MBP (black bar), and the MBP.NP2, MBP.NP3A, MBP.NP3B, and the MBP.NP4 fusion proteins where the viral sequences are indicated by
the patterned bars. The numbers in each refer to the first and last aa of the NP portion in the fusion. (B–E) The fusion proteins were synthesized
in vitro and analyzed as described under Materials and Methods and in the legend to Fig. 3. The percentage of each protein in the pellet compared
to its total was again normalized to MBP.NP1 as 100%. The experiments were repeated three times, with less than 5% difference between samples.
The data in D and E are from separate gels, so the apparent molecular weights are not comparable to those of A and B.
disrupted Sendai DI-H virus and [a-32P]CTP. The radiola- specific required amino acids by introducing mutations
in the full-length NP protein at highly conserved hy-beled replication products were banded on CsCl gradients,
and the product RNA was extracted and analyzed by gel drophobic residues within the CCR (Fig. 6A, Fig. 1) as
electrophoresis as described under Materials and Methods described under Materials and Methods and Table 2.
(Fig. 5A). The NP, P, and L proteins supported DI-H replica- Experiments to evaluate the expression and stability of
tion (100%, Fig. 5A, lane 2) which was dependent on the the mutant proteins were performed by pulse–chase
viral proteins (Figs. 5A and 5B, lanes 1 and 2), as expected. analysis of their plasmids expressed in VVT7-infected
As a control, the addition of increasing amounts of the cells. NP324-1 and NP324-5, which contained a Val or
MBP plasmid which corresponded with increasing MBP Ile substitution at Phe324, respectively, were both unsta-
expression (Fig. 5B, lanes 6–8) had little or no effect on ble and could be detected for only 1.5 hr following the
DI-H replication (Fig. 5A, lanes 6–8). However, increasing pulse (data not shown). The mutants NP260-1, NP299-5,
levels of the MBP.NP1 protein (Fig. 5B, lanes 4 and 5) led and NP313-2, were stable for at least 18 hr after the
to a decrease in DI-H replication to 50 and 22% of the labeling period (data not shown).
control (Fig. 5A, lanes 4 and 5). The data show that this The ability of various mutants to self-assemble into
inhibition is specific for the viral CCR sequences since MBP nucleocapsidlike particles was used as a measure of the
alone does not inhibit. NP–NP interaction as described previously (Buchholz et
al., 1993). The radiolabeled proteins expressed in VVT7-
Point mutations within the CCR disrupt the self- infected and transfected cells were fractionated on sepa-
assembly of NP protein rate CsCl step gradients. Individual fractions were col-
lected, immunoprecipitated, and analyzed by gel electro-Our results are consistent with a role for the CCR
in promoting NP–NP interactions. We sought to identify phoresis as described under Materials and Methods. As
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FIG. 5. Inhibition of in vitro DI-H RNA replication by the MBP.NP1 fusion protein. (A) VVT7-infected cells were mock transfected (0) or cotransfected
with the P, NP, and L plasmids plus increasing amounts of either the MBP.NP1 or the MBP plasmids as indicated at the top. Cytoplasmic cell
extracts were prepared at 18 hr pt and incubated with dd DI-H in the presence of [a-32P]CTP. The product nucleocapsids were purified, and the
RNA was extracted and analyzed by gel electrophoresis as described under Materials and Methods. The position of the DI-H RNA is indicated.
The amount of DI-H RNA product was quantitated on the PhosphorImager and indicated below as a percentage of replication of the control (lane
2) as 100%. (B) Immunoblot analysis on samples (10%) of the extracts with a-SV and a-MBP antibodies as described under Materials and Methods.
The positions of the proteins are indicated. The sample numbers in (B) correspond to those in (A), respectively.
the positive control for assembly, wt NP was shown to ear CsCl gradient showed that these structures banded
at lighter density (1.27 g/cc, Fig. 7C) than wt NP nucleo-band at 1.29 g/cc (Fig. 6B, fraction 5), the position of viral
nucleocapsids (Buchholz et al., 1993). The majority of the capsidlike particles, suggesting that they did not contain
nucleic acid (Blumberg et al., 1984; Howard and Wertz,NP299-5 (L299I, I300V) and NP313-2 (I313F) proteins also
banded in fraction 5, and therefore, appeared to self- 1989; Fooks et al., 1993). In summary, mutation of two
sites within the CCR either completely (NP324-1 andassemble into nucleocapsidlike particles (Fig. 6B).
NP313-2 also banded at the same density on a linear NP324-5) or partially (NP260-1) altered the NP–NP inter-
action.CsCl gradient, identical to self-assembled wt NP (data
not shown). Thus the substitutions at aa 299 and 300
(NP299-5) and aa 313 (NP313-2) did not disrupt the NP– The CCR mutants are inactive in DI-H RNA replication
NP interaction. In contrast, NP324-1 and NP324-5 synthe-
sized in a pulse with a 1.5-hr chase were found primarily To test the biological activity of the stable mutant pro-
teins, extracts of cells expressing the P and L polymerasein fractions 1 and 2 and to a lesser degree in fractions
3 and 4 (Fig. 6B), showing that self-assembly was dis- proteins together with the NP, NP260-1, NP299-5, or
NP313-2 proteins were incubated with disrupted DI-Hrupted. The slower migrating bands in these two gels
are VVT7 proteins that were nonspecifically immunopre- virus and assayed for genome RNA replication as de-
scribed under Materials and Methods. A significant levelcipitated with a-SV antibody (data not shown). These
data suggest that Phe324 is required for NP–NP self- of DI-H RNA replication in vitro was observed with wt
NP (Fig. 8, lane 2) that was dependent on the expressionassembly as well as for the stability of the protein.
The mutant NP260-1, on the other hand, while showing of the viral proteins (Fig. 8, lane 1). In contrast, all of the
mutants were completely inactive in genome replicationan NP–NP interaction, was reproducibly found in greater
amounts in fraction 4 than in fraction 5 (Fig. 6B). To ana- (Fig. 8, lanes 3–5). Immunoblot analysis on a portion
of the extracts indicated that the NP proteins were alllyze their structures the assembled NP and NP260-1 par-
ticles were purified by pelleting through glycerol and comparably expressed (data not shown), so protein was
not limiting in the inactive mutants. In addition, each ofwere examined with EM as described under Materials
and Methods. The wt NP protein self-assembled into the mutant proteins formed NP0 –P complexes (data not
shown), suggesting that the replication defect is not duenucleocapsidlike particles that were identical in morphol-
ogy (Fig. 7A) and density (1.29 g/cc, Fig. 7C) to Sendai to the loss of P binding. These data show that the Leu
and Ile (NP299-5) and Ile (NP313-2) residues at aa 299,virus nucleocapsids (data not shown; Buchholz et al.,
1993). NP260-1, however, consistently formed particles 300, and 313, respectively, are essential for RNA replica-
tion in vitro. It is very interesting in NP299-5 that verywhich all exhibited a unique elongated spiral twist (Fig.
7B). Analysis of radiolabeled NP260-1 particles on a lin- conservative changes (to Ile and Val) have such a drastic
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FIG. 6. Analysis of self-assembly of the NP mutants containing amino acid substitutions in the CCR. (A) The amino acid sequence of the CCR
(aa 258–357) of the wt and mutant NP proteins. The asterisks indicate the wt amino acid (boldface) and the aa below (boldface) indicates the
mutant residue(s) and designation. (B) VVT7-infected cells were transfected with the wt or mutant NP plasmids, as indicated, and the cells were
incubated with Tran35S-label at 5.5 hr pt as described under Materials and Methods. The radiolabeled proteins were banded on separate CsCl
step gradients and fractions collected from the top with the pellet resuspended in the last fraction (sedimentation is from left to right). Samples
were immunoprecipitated with a-SV antibody and analyzed by 9% SDS–PAGE. The asterisks indicate the positions of the NP proteins.
effect on the biological activity of the protein. Since the aggregation rather than assembly, the inhibition of in
vitro Sendai DI-H replication by the MBP.NP1 protein, butLeu at aa 299 is conserved in 12 of 13 NP proteins, while
the Ile at aa 300 is not conserved, we suggest that the not MBP, when coexpressed with the NP, P, and L pro-
teins provides further evidence that the CCR contains achange at aa 299 is responsible for the phenotype.
biologically relevant domain (Fig. 5). Based on its putative
oligomerization properties, we propose that MBP.NP1DISCUSSION
specifically interferes with the normal NP–NP interaction
required for encapsidation during replication. This appar-We have used two approaches to identify and partially
ently requires a critical concentration of MBP-NP1, sincecharacterize putative NP–NP binding domains in the
a lesser amount of protein showed no inhibition (Fig. 5).Sendai virus nucleocapsid protein. First, sedimentation
One possible mechanism for interference is that hetero-analysis of fusions between MBP and different regions
oligomers are formed between NP and MBP-NP1 andof NP suggested that the CCR (MBP.NP1, aa 258–357)
with high enough levels of the fusion protein the normaland the N-terminal 255 aa (MBP.NP2) contain NP–NP
assembly process is altered.interaction sites, while the C-terminal 166 aa do not (Figs.
Interestingly, truncation of the NP2 region enhanced3 and 4). The degree of interaction with the N-terminal
NP–NP binding (Fig. 4). Portions of this region appearregion was less than half that of the CCR (Fig. 4). Dele-
to differentially affect the interaction (at least within thetions of either the N- or C-terminus of the CCR in the
context of the fusion protein), perhaps due to the effectsfusion protein virtually abolished the interaction and even
of the different deletions on the overall structure of thea small insertion or deletion significantly reduced bind-
polypeptide. The degree of interaction observed with theing, suggesting that the entire region is required (Fig.
3). While the oligomerization observed could be due to MBP.NP3B fusion protein containing both the N-terminus
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TABLE 2
Site-Directed Mutations in the Central Conserved Region of NP Protein
Mutant Mutagenic primer a Enzyme
NP260-1 SM112(/)-CATCCAGATAGTTGGGAACNACNTCCGAGA BstXI
NP299-5 SM110(/)-TAATAAGCTTAGAAGCNTCNTAGAGACC HindIII
NP313-2 SM109(/)-CCCAGAGCTCCCTTTNTCTGTNTCCTC SacI
NP342-1 SM108(/)-CTCAAGGACCCTGTTCATGGTGAANTTGCT PpuMI
NP324-5 SM108(/)-CTCAAGGACCCTGTTCATGGTGAANTTGCT PpuMI
Mutant Standard outside primera
All SM089(0)-CCCCTAGCGTCCTGGTCC
Mutant Amino acid substitution(s) Gene fragment subclonedb
NP260-1 Y260D 0.506-kb BstXI–EcoRV
NP299-5 L299I and I300V 0.392-kb HindIII–EcoRV
NP313-2 I313F 0.400-kb SacI–EcoRV
NP324-1 F324V 0.324-kb PpuMI–EcoRV
NP324-5 F324I 0.324-kb PpuMI–EcoRV
a The plus and minus symbols in parentheses following the primer number refers to the messenger sense (/) or genomic sense (0) of the
oligodeoxynucleotide and the sequences are written 5* r 3*. The nucleotide shown in boldface, N, was randomized during primer synthesis, incorporating
an A, C, G, or T at that position. The restriction sites used for cloning and/or screening are underlined.
b The indicated gene fragments containing the mutations were substituted for the wt sequence in p*GEM3ZF-NP.
and the CCR was surprisingly less than that with CCR downstream of the CCR (Myers and Moyer, 1997b) and
a mutant within the CCR, NPHIII, with an insertion at aaalone and removal of the C-terminal 63 aa (MBP.NP3A)
reduced binding by 90% even though the N-terminal re- 295 and a deletion in NPD334–339, were also unable
to self-assemble.gion remained intact (Fig. 4). One possible explanation
for these nonadditive effects is that the fusion protein The phenotype of NP260-1 (Y260D) was similar to the
phenotype that we recently found for the NP362 mutantitself, as well as the various domains, are affecting the
ability of the polypeptides to interact. Buchholz et al. (F362A) (Myers and Moyer, 1997b). Both mutants were
inactive in replication in vitro, yet each was expressed(1993) reported that sequential small deletions in both
the N-terminus and the CCR of NP abolished self-assem- as a stable protein and formed NP0 –P complexes, sug-
gesting that the proteins were not globally misfolded.bly, also indicative of the involvement of this overall re-
gion in the interaction. The measles virus N protein also However, the assembled particles formed by these mu-
tants were quite different in morphology from each otherself-assembles into nucleocapsidlike particles (Spehner
et al., 1991; Fooks et al., 1993). In support of the hypothe- and from wildtype particles. NP260-1 consistently formed
a particle with a repeating spiral twist (Fig. 7B), whereassis that the function of the CCR as a binding domain is
conserved, we showed that the analogous region of the NP362 formed thin, ‘‘stringlike’’ oligomers that were less
homogeneous in size and shape (Myers and Moyer,measles N protein in a MBP fusion protein also mediates
oligomerization (Fig. 3). 1997b). Neither of these particles appeared to be associ-
ated with RNA as determined by their lighter buoyantAs a second approach to explore the role of the CCR,
we have identified specific mutations in this region of density in CsCl gradients (Blumberg et al., 1984; Howard
and Wertz, 1989; Fooks et al., 1993). These results cannotthe full-length NP protein that are important for NP–NP
binding. Two residues, Tyr260 and Phe324, which are distinguish whether it is the alteration of the NP– NP
interaction or perhaps an RNA-binding defect (Figs. 6completely conserved in 13 paramyxovirus NP proteins
(Fig. 1A), were crucial for self-assembly. In NP324-1 and and 7) which accounts for their inability to function in
RNA replication.NP324-5 the changes of Phe to Val and Ile, respectively,
completely disrupted the NP–NP interaction (Fig. 6). The Two other mutants, NP299-5 (L299I, I300V) and NP313-
2 (I313F), in contrast, had a different phenotype. Eachsame phenotype was reported by Buchholz et al. (1993)
for NP proteins containing deletions spanning both the protein self-assembled into normal nucleocapsidlike par-
ticles with the density expected of ribonucleoprotein par-N-terminal 255 aa and the CCR, and by Bankamp et al.
(1996) for deletions in this region in the measles virus N ticles (Fig. 6B) probably containing cellular RNA and they
also formed NP0 –P complexes (data not shown), yet bothprotein. In addition, a mutant NP364 (L364A, G365A) just
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FIG. 7. Analysis of NP and NP260-1 particles by electron microscopy and sedimentation on CsCl gradients. VVT7-infected cells were transfected
with either the NP or NP260-1 plasmids and (A and B) the particles were purified from cell extracts by sedimentation through glycerol as described
under Materials and Methods. The pellets were resuspended, negatively stained using 2% uranyl acetate, and examined by EM at a magnification
of 250,000 (A) or 175,000 (B). In each case the EMs shown are representative of the 25 molecules examined. Alternatively, the infected, transfected
cells were incubated with Tran35S-label overnight, cell extracts were prepared, and the samples were analyzed by banding on linear CsCl gradients.
Fractions were collected from the top, immunoprecipitated, and analyzed by 9% SDS–PAGE. The amount of label in the NP (s) or NP260-1 (l)
protein in each fraction was quantitated on the PhosphorImager and plotted in arbitrary units (A.U.; C). Sedimentation is from left to right. The
density (l) of fractions 9–17 was determined with that of the peak fractions indicated.
were inactive in DI-H replication (Fig. 8). We recently Sendai RNA required for the initiation of encapsidation.
Furthermore, any type of RNA binding may be dependentidentified another mutant, NP370 (K370A and D371A),
with an identical phenotype (Myers and Moyer, 1997b). upon the NP–NP interaction, since mutants that self-
assemble properly (NP299-5, NP313-2, and NP370) canThe ability to replicate in vitro is used as a measure of
NP binding specifically to Sendai RNA (Curran et al., still bind nonspecific RNA, whereas disruption of NP–
NP binding (NP260-1, NP362) precludes both specific1993). In VSV, it has been shown that the binding affinity
of N protein for leader RNA is about 10-fold greater than and nonspecific NP–RNA interactions. In any event, we
suggest that the residues required for specific Sendaithat for nonspecific RNA (Blumberg et al., 1983). We sug-
gest that aa 299/300, 313, and 370/371 of NP are all RNA binding are interspersed throughout the NP-binding
domain. At the present time we do not have an RNA-necessary for the specific recognition and binding to
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binding assay with which this hypothesis can be more
directly tested.
A schematic of the NP protein and the domains identi-
fied in this work and by others (Heggeness et al., 1981;
Curran et al., 1993; Buchholz et al., 1994; Myers and
Moyer, 1997a,b) is shown in Fig. 9. The NP–NP assembly
FIG. 9. A schematic model of domains in the NP protein. The verticaldomain consists of two regions: the less well-defined N-
bars and numbers above indicate the amino acid position. The thin
terminal region from aa 1 to 257, excluding the template bars below delineate the individual domains based on our data (Myers
function domain from aa 114 to 129, and the CCR from and Moyer, 1997a,b) and those of others (Curran et al., 1993; Buchholz
aa 258 to 358. Based on the overall data, we suggest et al., 1994). The asterisks indicate the relative positions of critical
amino acids specifically required for the interactions. The arrow marksthat the CCR portion of the NP–NP-binding domain may
a trypsin sensitive cleavage site at aa 295 in NP (Heggeness et al.,extend to aa 369, since aa 359–369 are also conserved
1981; Deshpande and Portner, 1984).
among the parainfluenza NP proteins (Fig. 1A; Miyahara
et al., 1992). There are two regions that are involved in
template function where the P-binding site, P-Nuc, lies tained within the CCR as well are distinct amino acids
in the C-terminal template domain (Buchholz et al., 1994; that are apparently required for Sendai-specific versus
Myers and Moyer, 1997a). As a model for the structure nonspecific RNA binding. It is possible that there is, in
of the CCR assembly domain, the trypsin-sensitive site fact, an interdependence between NP–NP and NP–RNA
(aa 295, arrow in Fig. 9) in the putative hinge region of binding. Future experiments will be required to elucidate
NP (aa 290–295, Deshpande and Portner, 1984; Gill et this relationship and the importance of other residues
al., 1988) potentially divides the domain into two sides within this region.
or faces. Thus through each face NP could oligomerize
with the leading and lagging residues of NP, permitting ACKNOWLEDGMENTS
cooperative encapsidation of the viral RNA as well as
The authors thank Sherin Smallwood and Cheryl Zack for their excel-self-assembly of nucleocapsidlike particles. Our muta-
lent technical assistance and Sandra Horikami for helpful advice. Thisgenesis studies suggest that one similar function is local-
work was supported by NIH Grant AI14594 (S.A.M.).ized on each face, as changes at aa 260 and aa 362 give
similar phenotypes with altered nucleocapsid structures.
REFERENCESTo date, Sendai-specific RNA binding appears to reside
on the downstream face involving aa 299/300, 313, and Anderson, J. T., Wilson, S. M., Datar, K. V., and Swanson, M. S. (1993).
NAB2: A yeast nuclear polyadenylated RNA-binding protein essential370/371.
for cell viability. Mol. Cell. Biol. 13, 2730–2741.In conclusion, we propose that two regions contribute
Bankamp, B., Horikami, S. M., Thompson, P. D., Huber, M., Billeter, M.,
to an assembly domain of the NP protein and have de- and Moyer, S. A. (1996). Domains of the measles virus N protein
fined some residues important for the interaction. Con- required for binding to P protein and self-assembly. Virology 216,
272–277.
Blondel, A., and Bedouelle, H. (1991). Engineering the quaternary struc-
ture of an exported protein with a leucine zipper. Protein Eng. 4,
457–461.
Blumberg, B. M., Giorgi, C., and Kolakofsky, D. (1983). N protein of
vesicular stomatitis virus selectively encapsidates leader RNA in
vitro. Cell 32, 559–567.
Buchholz, C. J., Retzler, C., Homann, H. E., and Neubert, W. J. (1994).
The carboxyl-terminal domain of Sendai virus nucleocapsid protein
is involved in complex formation between phosphoprotein and nu-
cleocapsid-like particles. Virology 204, 770–776.
Buchholz, C. J., Spehner, D., Drillien, R., Neubert, W. J., and Homann,
H. E. (1993). The conserved N-terminal region of Sendai virus nucleo-
capsid protein NP is required for nucleocapsid assembly. J. Virol.
67, 5803–5812.
Calain, P., and Roux, L. (1993). The rule of six, a basic feature for
efficient replication of Sendai virus defective interfering RNA. J. Virol.
67, 4822–4830.
Carlsen, S. R., Peluso, R. W., and Moyer, S. A. (1985). In vitro replication
of Sendai virus wild-type and defective interfering particle genomeFIG. 8. In vitro DI-H RNA synthesis with the mutant NP proteins.
VVT7-infected cells were transfected with no plasmids (0) or cotrans- RNAs. J. Virol. 54, 493–500.
Chandrika, R., Myers, T., and Moyer, S. A. (1995). Measles virus nucleo-fected with the P, L plus the WT or mutant NP plasmids, as indicated
at the top. Cytoplasmic cell extracts were prepared at 18 h pt and in capsid protein can function in Sendai virus defective interfering parti-
cle genome synthesis in vitro. Virology 206, 777–782.vitro replication was assayed as described in the legend to Fig. 5. The
position of the DI-H RNA is indicated. Curran, J., Boeck, R., and Kolakofsky, D. (1991). The Sendai virus P
AID VY 8429 / 6a2a$$$761 02-16-97 22:29:29 viras AP: Virology
335SENDAI VIRUS NUCLEOCAPSID PROTEIN
gene expresses both an essential protein and an inhibitor of RNA plexes of Sendai virus NP-P and P-L proteins are required for defec-
tive interfering particle genome replication in vitro. J. Virol. 66, 4901–synthesis by shuffling modules via mRNA editing. EMBO J. 10, 3079–
4908.3085.
Horikami, S. M., Smallwood, S., Bankamp, B., and Moyer, S. A. (1994).Curran, J., Homann, H., Buchholz, C., Rochat, S., Neubert, W., and Kola-
An amino-proximal domain of the L protein binds to the P protein inkofsky, D. (1993). The hypervariable C-terminal tail of the Sendai
the measles virus RNA polymerase complex. Virology 205, 540–545.paramyxovirus nucleocapsid protein is required for template function
Horikami, S. M., Smallwood, S., and Moyer, S. A. (1996). The Sendai Vbut not for RNA encapsidation. J. Virol. 67, 4358–4364.
protein interacts with the NP protein to regulate viral genome replica-Curran, J., Marq, J.-B., and Kolakofsky, D. (1995). An N-terminal domain
tion. Virology 222, 383–390.of the Sendai paramyxovirus P protein acts as a chaperone for the
Howard, M., and Wertz, G. (1989). Vesicular stomatitis virus RNA repli-NP protein during the nascent chain assembly step of genome repli-
cation: A role for the NS protein. J. Gen. Virol. 70, 2683–2694.cation. J. Virol. 69, 849–855.
Kingsbury, D. W. (Ed.) (1991). The Paramyxoviruses. Plenum, New York.Deshpande, K. L., and Portner, A. (1984). Structural and functional analy-
Menkel, A. R., Kroemker, M., Bubeck, P., Ronsiek, M., Nikolai, G., andsis of Sendai virus nucleocapsid protein NP with monoclonal antibod-
Jockusch, B. M. (1994). Characterization of an F-actin-binding domainies. Virology 139, 32–42.
in the cytoskeletal protein vinculin. J. Cell Biol. 126, 1231–1240.Fooks, A. R., Stephenson, J. R., Warnes, A., Dowsett, A. B., Rima, B. K.,
Miyahara, K., Kitada, S., Yoshimoto, M., Matsumura, H., Kawano, M.,and Wilkinson, G. W. G. (1993). Measles virus nucleocapsid protein
Komada, H., Tsurudome, M., Kusugawa, S., Nishio, M., and Ito, Y.expressed in insect cells assembles into nucleocapsid-like struc-
(1992). Molecular evolution of paramyxoviruses: Nucleotide se-tures. J. Gen. Virol. 74, 1439 – 1444.
quence analyses of the human parainfluenza type I virus NP and MGill, D. S., Takai, S., Portner, A., and Kingsbury, D. W. (1988). Mapping
protein genes and construction of phylogenetic trees for all the hu-
of antigenic domains of Sendai virus nucleocapsid protein expressed
man paramyxoviruses. Arch. Virol. 124, 255–268.
in Escherichia coli. J. Virol. 62, 4805–4808.
Myers, T. M., and Moyer, S. A. (1997a). An amino-terminal domain of the
Heggeness, M. H., Scheid, A., and Choppin, P. W. (1981). The relation- Sendai virus nucleocapsid protein is required for template function in
ship of conformational changes in the Sendai virus nucleocapsid to viral RNA synthesis. J. Virol. 31, 918–924.
proteolytic cleavage of the NP polypeptide. Virology 114, 555–562. Myers, T. M., and Moyer, S. A. (1997b). Identification of a putative RNA
Higuchi, R., Krummel, B., and Saiki, R. K. (1988). A general method of binding domain in the Sendai virus nucleocapsid protein. Submitted
in vitro preparation and specific mutagenesis of DNA fragments: for publication.
study of protein and DNA interactions. Nucleic Acids Res. 16, 7351– Spehner, D., Kirn, A., and Drillien, R. (1991). Assembly of nucleocapsid-
7367. like structures in animal cells infected with a vaccinia virus recombi-
Homann, H. E., Willenbrink, W., Buchholz, C. J., and Neubert, W. J. nant encoding the measles virus nucleoprotein. J. Virol. 65, 6296–
(1991). Sendai virus protein– protein interactions studied by a protein- 6300.
blotting protein-overlay technique: Mapping of domains on NP pro- Sprague, J., Condra, J. H., Arnheiter, H., and Lazzarini, R. A. (1983). Ex-
tein required for binding to P protein. J. Virol. 65, 1304–1309. pression of a recombinant DNA gene coding for the vesicular stoma-
titis virus nucleocapsid protein. J. Virol. 45, 773–781.Horikami, S. M., Curran, J., Kolakofsky, D., and Moyer, S. A. (1992). Com-
AID VY 8429 / 6a2a$$$761 02-16-97 22:29:29 viras AP: Virology
